In contrast to most primate species, including the other great apes, orangutans maintain a fission-fusion social system in the wild without being part of a stable community. In zoos, however, they are kept in permanent groups, usually consisting of one adult male and several females. In zoo orangutans, we predict higher levels of glucocorticoids and androgens in the Bornean species compared to its congener from Sumatra, due to the much more solitary lifestyle of Bornean orangutans and the apparent higher frequency of male aggression directed towards females in this species in the wild. To compare hormone levels of the two orangutan species, we validated a fecal glucocorticoid and a fecal androgen assay. Subsequently, fecal samples from a total of 73 female and 38 male orangutans housed in 29 European zoos were analyzed to investigate the effect of species, social group size, age and (for female glucocorticoid levels) reproductive state and the presence of adult males on fecal hormone metabolite concentrations. The results of linear mixed effect models indicate that both male and female Bornean orangutans show a steeper increase in glucocorticoid levels with increasing group size than Sumatran orangutans. We therefore conclude that Sumatran zoo orangutans are better able to adjust to social housing conditions than their Bornean congeners. In addition, our analyses reveal higher glucocorticoid levels in lactating females of both species compared to non-lactating and juvenile females. Concerning androgen levels in males, our analyses revealed significantly higher concentrations in Bornean than Sumatran orangutans. These differences in both glucocorticoid and androgen output between the two species of orangutan are presumably linked to ecological and behavioral differences and could possibly be attributed to phenotypic plasticity. However, given that we found interspecific differences in hormone excretion in captivity, where both species live under very similar conditions, we conclude that this variation has a genetic basis. 
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Introduction
Both species of orangutans (Pongo pygmaeus from Borneo and Pongo abelii from Sumatra [19, 69] ) are much more solitary than the other great apes and close bonds only exist between mothers and their dependent offspring. Adult animals are not often in close proximity, with the exception of consortships during which a male associates with a female while she is sexually receptive [66, 74] , although orangutans from Sumatra are generally more sociable than those from Borneo (see below). While morphological differences between the species, such as longer and lighter colored coat in the Sumatran species, have long been known, it has often been assumed that behaviorally both taxa are very similar [54] . Based on recent data from long-term field studies it has become clear, however, that social organization including mating strategies differs among the orangutan species (reviewed in [67] ). This is presumably due to habitat differences between the two islands, with higher abundance and lower temporal variability of food on Sumatra [37] . As a consequence of this, orangutan densities are higher on Sumatra and orangutans are more often found in close associations of several females than on Borneo [12, 33, 66] . Males on Sumatra also spend less time alone and form much longer consortships with females than males on Borneo [63, 64] . Sumatran males are also more likely to remain arrested in the unflanged state for prolonged periods than those on Borneo (L. Dunkel, in prep.). Whether these differences in social structure, behavior and ecology are associated with differences in endocrine physiology of the two species, reflecting an adaptation to different environmental conditions on Borneo and Sumatra, is unclear.
The main aim of this study was therefore to determine whether there is an intrinsic difference in the pattern of glucocorticoid (GC) and androgen excretion between the two orangutan species. GC levels are commonly used as indicators of physiological stress in vertebrates, including primates (reviewed in [32] ), and baseline GC concentrations can reflect the combined effects of health, energy allocation and habitat quality, including anthropogenic disturbances [55, 70] . It is well known that chronically elevated stress hormone levels can alter animal behavior and have detrimental effects, such as causing reproductive failure and disease (e.g. [11, 44, 57] ). Given the differences in socio-ecology of the two species, we would predict a general species difference in stress hormone patterns and stress response to conditions in zoos where several animals are housed together, with Sumatran orangutans showing lower stress hormone levels than the Bornean species due to the more gregarious lifestyle in the wild.
On the other hand, the species differences in lifestyles not only suggest that the two species may differ in their GC output in response to potentially stressful conditions, but also that they may show intrinsic differences in androgen levels. Androgens, of which testosterone is the most important, influence multiple aspects of male reproductive physiology and behavior [13, 75] . For example, testosterone levels are associated with aggression in the context of intrasexual competition and intersexual coercion in male primates [2, 7, 43, 48] . The relationship between testosterone levels, aggression and mating behavior in group-living primates is also dependent on mating seasonality and male rank stability, although there is considerable variation between studies (reviewed in [14] ). The Wingfield challenge hypothesis proposes that testosterone levels should be highest when mating is most common and male-male agonistic interactions are likely [75] . In the mostly solitary living orangutan one would therefore expect higher levels of testosterone when a male is in close proximity to a female, and lower levels while solitary. However, so far no data from wild orangutans are available to test this hypothesis. In zoos, where usually a single adult male is housed permanently with one or more females, males do not face competition from other adult males. Although in this situation the challenge hypothesis would not predict higher levels of testosterone, the common occurrence of male aggression towards females in the mating context [30, 45, 63] may be indicative of relatively high testosterone levels in males housed permanently with females even in the absence of other adult males. Information on the variation in the mating behavior of the two species has accumulated over recent years and there is now growing evidence that males mate more often aggressively on Borneo than on Sumatra [63, 67] . We therefore predict to find higher androgen levels in Bornean compared to Sumatran orangutan males.
To investigate possible endocrine correlates underlying the observed behavioral variation documented for the two orangutan species under natural conditions, we carried out a crosssectional study on zoo-housed animals. This enabled us not only to study a large number of animals (and thus to control for factors such as age, group size and, for females, reproductive state and presence of males on endocrine levels), but also to collect data under more controlled and comparable environmental conditions. We predict differences observed in field studies are merely a flexible response to habitat quality and stability of food supply in the wild, there should be no species-specific differences in the endocrine physiology of zoohoused animals. However, if there is a genetic basis for the species differences, we would expect to find adaptive differences in endocrine patterns. Specifically, we would expect higher physiological stress levels in the less gregarious Bornean species and higher androgen levels in the more aggressive Bornean males, even under comparable zoo conditions.
Methods

Study subjects and sample collection
For hormone analysis, fecal samples were collected from 45 Bornean (29 females; 16 males) and 66 Sumatran orangutans (44 females; 22 males) housed in 29 European zoos between January 2006 and March 2010. Since orangutans are not seasonal breeders, we did not expect seasonal fluctuations in hormone levels and collected samples throughout the year. For this study, individuals were classified as adult if they were older than 9 years. Although males and females are not fully developed physically, they may reproduce in zoos at this age. One feature of male orangutans is the variation in the age at which males develop their secondary sexual characteristics, including flanged cheeks and a throat sack [36, 65] . In the wild, Sumatran unflanged males can delay this development for up to 20 years [65] . In zoos, males as young as 7 years can start growing flanges, but the development is usually delayed if an older flanged male is present in the group [36] . In our study the youngest male with flanges was 11 years old (Tuan, Hamburg). Zoos usually keep only one adult male in a group. The only exception, according to our definition of adult age class, was zoo Münster where an 11 year old unflanged male was housed together with an older flanged male. All other males living in a social group with an adult male were 9 years or younger. Zoos with more than one adult male (Berlin and Stuttgart) housed the males in separate groups. Of the 25 adult males 5 had not yet developed flanges, and the oldest of these males was 15 years old.
Most females were kept together with an adult male (N = 61). Only 6 Sumatran and 4 Bornean adult females (and 2 Bornean immatures), were housed without a male, either alone or in small groups with another female and offspring. This allowed us to test if presence of males is a significant factor in our model investigating GC variation (see. Section 2.5). Since it is well known that GC secretion in female primates is influenced by reproductive state (e.g. [27, 61] ), we also entered this as a factor in the model. Two females were pregnant during the sampling period. Although GC concentrations were well within the range of the other adult females, they were excluded from the analysis since sample size was too small to investigate how gestation might have affected GC levels. The mean inter-birth interval in orangutans living in captivity is shorter than in the wild (captivity: 4.5-5.5 years; wild 7-9 years, [1, 73] ). Taking gestation period into account, we classified all females with infants younger than 4 years as lactating. All other adult females were classified as non-lactating and most of them were assumed to cycle. Of the 58 females older than 9 years that were sampled, 14 were classified as lactating (5 Bornean; 9 Sumatran) and 43 were classified as non-lactating (20 Bornean; 24 Sumatran) .
Demographic data on the study animals and the number of fecal samples collected are shown in Table 1 . About 2-3 g of material was collected in plastic tubes within 2 h of defecation, labeled with animal ID, date and, in 2006 and 2007, time of fecal deposition. Only samples from identified individuals and not contaminated with urine were used for analysis. Immediately after collection, fecal samples were stored at À18°C until further analyzes at the laboratory of the German Primate Centre.
Hormone analysis and validation of fecal glucocorticoid and androgen assays
Since no assays have been described in the literature for the analysis of glucocorticoids (GC) and androgens from orangutan feces, both measurements were validated in this study. For validation of a GC assay, we used the stressful situation of sedation and transportation, which is well-known to elicit increased GC output (e.g. [40, 42, 72] . A native cortisol assay (described by Palme and Möstl [50] ) and two cortisol metabolite assays (11b-hydroxyetiocholanolone, described by [16] , and 11-oxoetiocholanolone, described by Möstl et al. [42] ), were tested for their reliability in reflecting adrenocortical activity from orangutan fecal samples. All three assays have already been successfully used to monitor GC output in various other primate species [15, 47] , including great apes [23] . Specifically, fecal samples (n = 69, not listed in Table 1 ) were collected from two adult females before and after transport as part of their relocation to another zoo. The temporal pattern of the three GC measures shown in Fig. 1 demonstrated that fecal cortisol levels were low and showed a moderate response to transportation in only one of the two subjects. In contrast, levels of the two cortisol metabolites were substantially higher and demonstrated a marked (8-60-fold) increase within 48 h of transportation in both animals, clearly indicating their reliability and superiority over cortisol for assessing adrenocortical activity from orangutan feces. Based on the magnitude of response, both assays appeared to be equally valid and for routine measurement we chose the 11b-hydroxyetiocholanolone (3a,11b-dihydroxy-CM) assay. The biological validity of this assay was further confirmed by demonstrating a 2-3-fold increase in levels of response to short-term handling of juvenile orangutans as part of a veterinary check at a rehabilitation station in Malaysia (data not shown). Moreover, HPLC analysis performed on fecal extracts as described by Heistermann et al. [23] demonstrated similar profiles of immunoreactivity measured by the 3a,11b-dihydroxy-CM assay in both species, and indicated that the majority (>90%) of immunoreactivity eluted at positions (fractions 9-31) at which in other primate species major metabolites of cortisol are detected, with the major peak co-eluting at the position of authentic 11b-hydroxyetiocholanolone (Fig. 2a) .
To biologically validate a fecal androgen measurement, three C17 group-specific enzymeimmunoassays (EIA) designed to measure 17b-hydroxy (testosterone assay; [49] ), 17a-hydroxy (5a-androstanolone assay; [41] and 17-oxo androgens (epiandrostone assay; [49] were tested for their ability to significantly discriminate androgen levels of different age classes, i.e. adult males vs. immatures [41] . Of the assays tested, the EIA for the measurement of epiandrosterone (EA), an abundant metabolite of testosterone in primate feces [18, 41] , showed the highest differential in levels between fully adult (3500.5 ± 1690.5 ng/g; mean ± SD; n = 7) and immature individuals (602.8 ± 253.9 ng/g; mean ± SD; n = 7; t-test, t = 4.485, p < 0.001), indicating its biological validity for assessing androgen status from orangutan feces. Moreover, HPLC analysis as described by Möhle et al. [41] demonstrated similar profiles of immunoreactivity measured by the EA assay in both species, with the majority of immunoreactivity co-eluting at the positions of authentic epiandrosterone (Fig. 2b) . The EA assay was therefore Buschi  50  Male  3  2  2  Conny  20  Female  3  1  Karoline  36  Female  3  1  Moni  32  Female  3  2  Moritz  17  Male  3  3  2  Zürich  Cahaya  7  Female  7  3  Dahulu  6  Male  7  4  4  Djarius  15  Male  7  3  3  Hadjah  2  Male  7  1  1  Lea  42  Female  7 (1)  3 (3)  Oceh  21  Female  7  3  Selatan  26  Female  7  2  Timor  34  Female  7  4  Tuah  16  Female  7  3  Xira  12  Female  7  3 (n) If individuals were sampled during two time periods, the numbers in parenthesis indicate age, adult group size and number of available samples in the second period.
routinely applied for the measurement of androgen levels in our male subjects. For hormone analysis, all fecal samples were freeze-dried, pulverized, extracted with 80% methanol and assayed in duplicate as described in detail by Heistermann et al. [21, 23] and Möhle et al. [41] . Serial dilutions of fecal extracts from different animals gave displacement curves that were parallel to the 11b-hydroxyetiocholanolone and epiandrosterone standard curve, respectively. Sensitivity of the assays at 90% binding was 1 pg for the 3a,11b-dihydroxy-CM assay and 1.5 pg for the EA assay. For the 3a,11b-dihydroxy-CM assay, intra-and inter-assay coefficients of variation of high-and low value quality controls were 6.2% (n = 16) and 10.2% (n = 54) (high) and 10.1% (n = 16) and 14.5% (n = 54) (low), respectively. Respective figures for the EA measurements were 7.3% (n = 16) and 11.3% (n = 22) (high) and 9.8% (n = 16) and 12.6% (n = 22) (low). All hormone concentrations are expressed in ng/g dry fecal weight.
Diurnal variation in steroid excretion
Since fecal samples were collected throughout the day, we tested for a potential effect of time of day on GC and androgen excretion. Time of defecation, however, was only recorded for a limited number of samples, collected in 2006 and 2007. Of these, 170 were collected in the morning and 45 in the afternoon (range 6:00-20:30, median sample time 8:30). We constructed linear mixed models, in which individuals in a zoo were treated as a nested random factor, to investigate if a daytime effect in GC and androgen excretion could be detected. Furthermore, on 28 days two samples were available from the same individual. The first sample was collected in the morning (range 6:00-12:00, median sample time 9:00) and the second around midday (range 9:30-16:00, median sample time 14:20) . Data from these 28 days were used to test if there was a significant difference in GC excretion between morning and midday samples within the same animal. The same procedure was also carried out for androgen excretion using 7 samples collected from the same male on the same day (time range first sample 8:30-11:45, median sample time 10:45; time range second sample 11:50-15:00, median sample time 14:00).
Effect of cycle-stage on GC concentrations
Among the non-lactating females we investigated whether different stages of the ovarian cycle (follicular phase, fertile period, luteal phase) might have affected GC levels. In 11 adult females of our dataset feces was collected frequently enough (3-7 days per week) and over a period of at least 40 days to enable cycle stages to be hormonally determined using fecal progestogen measurements. In this respect, pregnanediol glucuronide (PdG), an abundant metabolite of progesterone in primate feces (e.g. [22, 60] was measured in the methanolic extracts used for GC analysis (see above) using an enzyme immunoassay previously described in detail by Heistermann et al. [22] . Sensitivity of the assay at 90% binding was 12.5 pg and intra-and inter-assay coefficients of variation determined from high-and low value quality controls were 5.9% (n = 16) and 13.1% (n = 14) (high) and 7.2% (n = 16) and 14.8% (n = 14) (low), respectively. Based on the PdG profile and taking into account a 2-day lag of excretion of progestogens into feces (e.g. [59] ), the most likely day of ovulation was estimated as day À2 prior to the defined postovulatory PdG rise above the follicular phase baseline level (e.g. [24] ). This allowed us to test for a possible cycle-stage effect on GC concentrations during the periovulatory period (defined as day of presumed ovulation plus the 3 days before and 1 day thereafter, in total 5 days) and the follicular phase (10-1 days prior to the periovulatory period) and luteal phase (1-10 days following the periovulatory period) of the cycle.
Data analyses
Since our exploratory analyses on the presence of a time of day and cycle-stage effect of females revealed no significant influence of these factors (see Sections 3.1 and 3.2), all samples (including those for which we did not know the exact time of collection) were included in our analyses to investigate the effect of species, age and adult group size (defined as the number of animals housed in the same enclosure that were older than 9 years at the time of sampling) on steroid excretion. Analyses on GC concentrations were conducted separately for females and males since, for females, we were additionally interested in the effect of reproductive state (lactating, non-lactating, non-adult) and the presence of males. Prior to all analyses, hormone values were ln-transformed and covariates in the models (adult group size and age) centered by subtracting respective overall medians from each observation. Linear mixed effects models, in which individuals in a zoo were treated as a nested random factor, were subsequently fitted and minimal adequate models for both GC and androgen concentrations selected on the basis of the Akaike Information Criterion. Statistical significance of fixed effects was estimated by Monte Carlo Markov Chain simulations (n = 10,000), taking Restricted Maximum Likelihood estimates of model parameters as a priori values. These analyses were conducted using the 'arm'-and 'languageR' packages [3, 17] for R 2.10.1 [52] .
Results
Diurnal variation in GC and androgen levels
To test for potential time of day effects in GC excretion we compared samples collected from the same individual on the same day. This revealed a significant correlation between samples collected on the same day (r s = 0.80, p < 0.001), and a Wilcoxon matched pair signed ranks test, moreover, showed no significant differences between the first and the later collected samples (n = 28, z = À0.16, p = 0.87). In addition, the linear mixed model fitted to all measurement for which time was known also indicated that time of day was no significant predictor of GC concentrations (n = 210, 21 individuals in 10 zoos; b MCMC = À0.0003, p = 0.12). We carried out the same test for time of day effects in androgen excretion in multiple male samples. Samples collected on the same day were available from seven males and the first and second sample were significantly correlated (r s = 0.89, p < 0.01). There was also no indication of a decrease or increase of hormone concentrations over the day (Wilcoxon matched pair signed ranks test, n = 7, z = 0, p = 1). The linear mixed model based on all samples for which time of day was known (n = 90, 9 males in 8 zoos), in contrast, shows a statistical trend (b MCMC = À0.0005, p = 0.06), but the extremely small effect size suggests that biological relevance is minimal. Given the absence of significant diurnal variation in both fecal GC and androgen levels, we decided to enter all samples (regardless whether time of collection was known or not) into our statistical analyses (see below).
Factors affecting GC concentrations in females
We did not find a significant cycle-stage effect in GC concentrations in our females during the three cycle stages (follicular phase, mean ± SD: 1026 ± 391 ng/g; periovulatory period, mean ± SD: 1052 ± 398 ng/g; luteal phase, mean ± SD: 1075 ± 417 ng/g; Friedman test, n = 11, chi-square = 0.182 df = 2, p = 0.91). Therefore the reproductive state ''non-lactating'' entered in the model below includes all samples from the known cycling females, together with samples from females for which cycle-stage was not known. In total, 514 samples from 73 females in 27 zoos were used to test for the effect of species, reproductive state, age, presence of males, and adult group size on GC levels of females. Of the total variance in the selected minimal adequate model (D AIC with a full model considering all up to 2nd order interaction effects = 172.43), 12.2% was accounted for by differences between individuals in a zoo, 34.2% by differences between zoos and, lastly, 53.6% by within-individual variation. Parameter estimates of all variables maintained in the selected model are presented in Table 2 . Setting non-lactating females as the contrast group, lactating females in both species were found to have significantly higher GC levels (b MCMC = 0.457, P MCMC = 0.0001), whereas no difference was apparent between immature and non-lactating females (b MCMC = À0.002, P MCMC = 0.9999). The positive effect of age (b MCMC = 0.012, P MCMC = 0.0072) suggests that transformed GC levels were slightly higher in older than in younger animals. The negative sign of the significant interaction effect between species and (centered) adult group size (b MCMC = À0.221, P MCMC = 0.0226), indicates that the rate of increase of transformed GC values with increasing adult group size was significantly smaller in Sumatran than Bornean females (Fig. 3a) .
Factors affecting GC concentrations in males
Male and female GC concentrations were comparable within both species (Bornean males, mean ± SD: 1243 ± 623 ng/g; Bornean females, mean ± SD: 1138 ± 775 ng/g; Sumatra males; mean ± SD: 806 ± 448 ng/g; Sumatran females; mean ± SD: 784 ± 419 ng/g). For males we carried out the same analysis as for females, taking 304 samples from 38 males in 25 zoos to assess the potential effects of species, age, and adult group size. Of the total variance in the selected minimal adequate model (D AIC with a full model considering all up to 2nd order interaction effects = 14.31) 10.2% was accounted for by differences between individuals in a zoo, 56.9% by differences between zoos and, lastly, 32.9% by within-individual variation. Parameter estimates and significance values for all factors maintained in the selected model are presented in Table 3 . The only significant effect on GC levels in males was the interaction between species and (centered) adult group size (b MCM = À0.305, P MCMC = 0.036), indicating that, as was the case for females, the rate of increase of transformed GC values with increasing adult group size is significantly smaller in Sumatran than Bornean males (Fig. 3b) .
Factors affecting male androgen concentrations
Fecal samples from 16 Bornean (n = 105 samples) and 21 Sumatran orangutan males (n = 195) were collected and analyzed for androgen concentrations. As part of the biological validation of our androgen assay, we already showed that, as expected, young immature males exhibit significantly lower androgen levels than adult animals (see Section 2.2). However, the best fit to our data was achieved by attributing a quadratic function to the variable age, since androgen levels appeared to decrease in old males ( Fig. 4) . 9.2% of the total variance in the minimal adequate model (D AIC with a full model considering all up to 2nd order interactions = 65.86) was accounted for by differences between individuals in a zoo, 35.5% by differences between zoos and, 55.3% by within-individual variation. Parameter estimates and significance values of the variables maintained in the selected model are presented in Table 4 . A significant difference between the species was detected as Sumatran males had consistently lower ln-transformed androgen levels than their Bornean counterparts (b MCMC = À0.521, P MCMC = 0.009). The quadratic age terms (linear: b MCMC = 0.062, P MCMC = 0.0001; quadratic: b MCMC = À0.003, P MCMC = 0.0001) were both significant predictors in the model. From Fig. 4 the interpretation of these findings becomes apparent as Bornean males have consistently higher androgen levels than Sumatran males, whereas both species reach a maximum at an age of just over 30 years. Note that, although (centered) group size approached statistical significance (b MCMC = À0.105, P MCMC = 0.0508), confidence intervals included zero suggesting that the effect of group size need not be interpreted.
Discussion
We investigated GC and androgen concentrations of orangutans in European zoos to determine whether there are intrinsic differences in hormone levels that can be attributed to known behavioral differences found in wild populations living on Sumatra and Borneo. GC concentrations were analyzed separately for males and females to investigate the effect of female reproductive state and presence of males on females. The effect of species, age, and adult group size was investigated for both sexes. While presence of males did not have an effect on GC concentrations in our model for the females, reproductive state was a significant factor. Lactating females of both species had higher GC levels compared to nonlactating adult and immature females, a result that has also been found in other primate species (e.g. macaques; [27, 34] ). We also found a very small but significant linear increase in GC levels with increasing age in females, independent of sex and species. An increase of GC concentrations with age is also known from humans (e.g. [10, 31] ) and chimpanzees [58] . Among the many possible mechanisms explaining GC elevation in older humans is reduced Fig. 3 . Relationship between fecal glucocorticoid metabolite levels and group size for females (a) and males (b). Sumatran orangutans are indicated by light gray circles, Bornean orangutans by dark gray circles. The 95% Highest Posterior Density Interval is shaded in light gray for Sumatran and dark gray for Bornean orangutans.
Table 3
Parameter estimates (b MCMC ) and associated significance values (P MCMC ) of all variables maintained in the selected minimal adequate linear mixed model of glucocorticoid levels in zoo-living male orangutans. Significance values were estimated by Monte Carlo Markov Chain simulations (n = 10,000) taking Restricted Maximum Likelihood estimates of model parameters as priors cf. [3] . adrenal cortex sensitivity to ACTH signals or a general reduced resilience of the HPA axis, which would require higher stimulation peaks with increasing age [31] . Such an age-related mechanism could also be responsible for the detected age related GC elevations of the female zoo orangutans. However, we would also expect an age-related elevation in males, but this was not the case in our study. Therefore a stronger GC response of female orangutans with increasing age towards being housed in close proximity with each other remains a possibility. Apparent in both males and females was a significant interaction between species and group size, implying that the species differed in their respective response to increases in group size. Bornean GC levels increased faster, reflecting a more pronounced stress response with increasing group size. A further important result was that Bornean males exhibited higher androgen levels than Sumatran males. Overall, this suggests that the two species apparently differ in how their endocrine physiology is affected by social conditions, although alternative explanations, such as differences in social housing conditions and diet, which may potentially affect endocrine state and fecal hormone levels [21, 26, 71] , cannot be completely ruled out. However, since, to our knowledge, there were no systematic species-specific differences in living conditions in our study animals, it is unlikely that this factor significantly contributed to the differences found in fecal GC and androgen levels between the species. On the other hand, a direct comparison of hormone levels between species, even closely related ones, may be problematic given possible species differences in hormone metabolism and the ratio of urinary vs. fecal excretion of the different steroids (e.g. [41] ). But this information does not exist for the orangutan. The close species similarities in fecal glucocorticoid and androgen HPLC immunoreactivity profiles, however, indicate that we probably measured similar compounds in the two species, suggesting that a substantial difference in steroid metabolism between species is unlikely. Most importantly, the finding that GC levels were similar in individuals of both species when living in small groups renders this alternative explanation at least for GC highly unlikely.
Species differences in GC levels
Our analysis showed that both females and males of the two species responded differently to increasing adult group size, strongly suggesting that social stress may be more pronounced in Bornean than Sumatran orangutans. This finding may be linked to the poor reproductive performance of orangutans in European zoos compared to the other great ape species [29] . Although multiple proximate mechanisms may underlie the poor breeding success of captive orangutans, one important factor might be an increased level of stress as a consequence of the unnatural social housing conditions. Based on our results we would predict more breeding problems in Bornean than Sumatran orangutans, especially when kept in larger groups. Several studies have investigated the reproductive performance of the two species in zoos and these indeed reported: (1) a trend for Bornean orangutans to experience lower infant survival rates [29] , (2) a three times higher infertility rate in Bornean orangutans [8] , and (3) longer interbirth intervals of Bornean animals born in captivity [1] , although management practices may also have influenced the interbirth intervals in this study [73] .
Besides having a direct effect on female fertility, higher stress levels, as found here in lactating females of both species, could account for the relatively high infant mortality and proportion of infants having to be hand-reared by humans in orangutans species compared to other great ape species in European zoo [29] . In gorillas, post-partum maternal behavior was related negatively to urinary cortisol levels in the mother [4] . Higher stress levels and a heightened reactivity to stress during lactation was attributed to concerns about infant safety, especially in lower-ranking females, in a study carried out on rhesus macaques [27] . The higher stress levels of orangutan mothers living in social housing conditions may also be caused by the perception that their infants are at risk from other group members. However, stress may not only affect female fertility and survival of offspring, but also fertility of males. Since the analysis of male samples showed a similar interaction between group size and GC levels, Bornean males in larger groups may also experience reduced fertility due to more social stress. Further studies are needed to investigate the general relationship between hormonal stress levels and reproductive success in orangutans, and to establish whether Bornean orangutans are less successful living in larger groups than in smaller groups.
Although Sumatran orangutans are more gregarious than orangutans from Borneo they still live in a flexible fission-fusion type of social system, very different from the other great apes, which live in stable communities (but see [74] for a comparison between Eastern chimpanzees and Sumatran orangutans). Thus, zoo conditions may represent a stressor for both orangutan species, even when living in pairs. Male orangutans are known to force copulations in the wild and in zoos [45, 63] and the permanent presence of a male may also be considered a stressor for females. Nadler and Collins [46] have shown major effects on mating behavior when a male and a female are kept in separate adjoining cages and the entryway is small enough so that the female has control over the association. In their study, cycling females approached males only during their periovulatory period, resulting in considerably lower rates of copulation and aggression rates when compared with permanent male-female association. In our study 12 females were housed without a male, but this factor was not significant in our model explaining GC variation. The sample size of 6 Bornean females, including two immatures, may have been too small to detect the effect of male presence in this species. However, it may also be possible that female Bornean orangutans living in groups are stressed regardless of sex of conspecifics.
Anecdotal evidence for presence of conspecifics being a stressor for females comes from one Bornean as well as a Sumatran female in this study. While they were housed solitary they both had lower GC levels than when they shared the cage with the group (unpublished data). This is in stark contrast to studies carried out on more gregarious primates than orangutans. For example, isolation from group members caused elevated GC levels compared to baseline levels measured in the social group in gorilla males [9] and in New World monkeys [25, 38, 39] . An ongoing study comparing GC levels of orangutans in the wild with levels from zoo animals, applying the same techniques as described here, will show if zoo animals experience higher physiological stress more generally.
In order to create fission-fusion conditions in zoos, resembling the situation in the wild, we recommend that animals should have control over the degree to which they want to be gregarious. For example, in the Netherlands, Apenheul zoo has used this approach for their Bornean orangutan facility and it would be interesting to compare GC levels from this zoo with data presented here to evaluate potential beneficial effects of this social housing condition.
The results of the GC analysis could also hold important implications for orangutan populations in the wild. An increasingly serious threat to orangutan habitat is the conversion from recovering logged forests to monoculture oil palm plantations [53] . Many populations occur in relatively high density in these disturbed rainforests, sometimes even cut off from larger forests areas, where large trees are already logged and food is increasingly difficult to come by. Several studies on primates have demonstrated an increase in stress hormones due to food shortages (e.g. [6, 56] ). However, because orangutans use very little energy compared to the other great ape species, probably as an adaptation to severe food shortages that naturally occur in Southeast Asian rainforests [51] , it can be expected that they can survive for relatively long periods under these conditions. Therefore, social stress due to higher density of orangutans living in disturbed habitats may represent an eminent stressor for orangutans, especially for those living on Borneo.
Species differences in androgen levels
We found a significant species difference in male androgen levels, with higher levels in Bornean than in Sumatran orangutan males, as well as a significant quadratic association with age in both species. In principle, considerable variation in excreted androgen metabolite forms can be expected even between closely related species (e.g. [20] ). However, the very similar profiles of the two orangutan species in our HPLC analysis make this explanation unlikely. In addition, the differences in androgen levels between the two species are in line with our prediction based on behavioral differences of males (reviewed in [65] ). Bornean males are more aggressive towards females and are observed to force matings more often than Sumatran males in the wild [63, 67] . Researchers working on both islands also have the impression that aggressive male-male interactions are more common on Borneo [64] . Quantitative evidence for these claims has been lacking so far, but a forthcoming study indicates more severe conflicts and a less stable dominance hierarchy among males on Borneo (L. Dunkel, in progress). Behavioral data comparing the two species are not available from zoos, but the 2006 EEP Studbook notes that zoo keepers notice more aggression between adult and adolescent males (after they reach the age of 10-12 years) in the Bornean species when housed together.
Many studies have shown that maturation is accompanied with an increase in androgen concentrations in vertebrates, including primates (e.g. [5, 14, 68] . After reaching a plateau in adulthood, our study shows a decline in aging orangutans, a pattern found in other primates including great apes. For example a study on baboons and geladas found an age-related decline in fecal testosterone levels starting at the age of 10-11 years [5] , while a study carried out with captive gorillas found a decrease in urinary testosterone levels in animals older than 20 years [62] . In contrast, the peak androgen levels in orangutans were reached around the age of 30. This later occurring peak in orangutans may be explained by the longer life expectancy and slower life history [73] . This result from zoo orangutans is comparable with a decline of testosterone levels found in elderly human men starting in the fourth decade of live, which may be related to a decline in testicular function (reviewed in [28] ).
An alternative explanation for the late peak in androgens could be the developmental arrest found in male orangutans. Males developing their flanges have the highest androgen levels, higher than both unflanged and flanged males [35, 36] . In our study no males were in the process of developing flanges, and all males older than 15 years were flanged. Thus, the peak androgen levels around the age of 30 cannot be explained by males growing flanges around this period of their lives. However, although this remains speculation, the generally higher androgen concentrations in Bornean males may be linked to the higher proportion of flanged males in Borneo compared to Sumatra [12, 67] ; L. Dunkel, in prep.).
Conclusions
The results of this zoo orangutan study provide evidence for significant differences in endocrine patterns between the two species. Bornean male and female orangutans showed a stronger stress response with increasing adult group size than Sumatran orangutans, and Bornean males of all age classes had higher androgen levels than Sumatran males. We suggest that these differences in hormone levels might be linked to differences in gregariousness of wild orangutans on the two islands, which are adaptations to local ecological conditions. A further important factor related to GC levels of females in both species was reproductive state, with lactating females showing higher levels than the other females. These results lead to a better understanding of the factors leading to elevated stress levels in captive orangutans and will help zoo managers to assess causes of breeding problems. We suggest that the behavioral differences between the species found in the wild should be taken into account when orangutan social housing facilities are planned or restructured.
